Purpose. The development of endothelium-specific imaging agents capable of specific binding to human cells under the conditions of flow for the needs of regenerative medicine and cancer research. The goal of the study was testing the feasibility of optical imaging of human endothelial cells implanted in mice. Methods. Mouse model of adoptive human endothelial cell transfer was obtained by implanting cells in Matrigel matrix in subcutaneous space (Kang, Torres, Wald, Weissleder, and Bogdanov, Jr., Targeted imaging of human endothelial-specific marker in a model of adoptive cell transfer. Lab. Invest. 86: 599-609, 2006). Several endothelium-specific proteins were labeled with near-infrared fluorochrome (Cy5.5) and tested in vitro. Fluorescence imaging using anti-human CD31 antibody was performed in vivo. The obtained results were corroborated by using fluorescence microscopy of tissue sections. Results. We determined that monoclonal anti-human CD31 antibodies labeled with Cy5.5 were efficiently binding to human endothelial cells and were not subject to rapid endocytosis.We further demonstrated that specific near-infrared optical imaging signal was present only in Matrigel implants seeded with human endothelium cells and was absent from control Matrigel implants. Histology showed staining of cells lining vessels and revealed the formation of branched networks of CD31-positive cells. Conclusions. Anti-human CD31 antibodies tagged with near-infrared fluorochromes can be used for detection of perfused blood vessels harboring human endothelial cells in animal models of adoptive transfer.
INTRODUCTION
A variety of endothelium-targeting strategies are currently being evaluated for the needs of imaging of quiescent and proliferating endothelial cells in cancer, inflammation and atherosclerosis (reviewed in (2, 3) . Among the endothelialspecific cell surface molecules, a v b 3 integrin overexpression (4, 5) , VCAM-1 (6,7) and E-selectin (1, 8) were identified as potential targets associated with inflammation and cell activation. Moreover, recent progress in phage display antibody screening enabled organ-specific targeting of endothelium in vivo (9) .
The expression of CD31 (platelet-endothelial cell adhesion molecule-1, PECAM-1) by endothelial cells is traditionally used for detecting endothelial cells in tissue sections, for example, to obtain microvascular density scores reflecting angiogenesis and anti-angiogenic treatments (10, 11) . However, the same marker could be used for detecting endothelial cells in vivo. We previously observed prominent and lasting staining of endothelial apical surface exposed to blood perfusion using in vivo transdermal, confocal imaging (12) . Rat anti-mouse CD31 antibodies covalently labeled with Cy5.5 near-infrared fluorochrome showed an abundant staining of the vascular wall after the in vivo injection that was still detectable for 24Y48 h after the administration. in vivo administration of anti-mouse CD31 antibodies had no toxic effects and showed high specificity to mouse endothelial cells.
We further investigated whether non-invasive imaging can be used to track human, rather than mouse endothelial cells in vivo. Human endothelial cells support the formation of perfused blood vessels in athymic mice if implanted in extracellular matrix in the presence of heparin and VEGF (1, 13) . Initially, we developed and performed testing of targeted MRI contrast agents that associate only with human endothelium expressing pro-inflammatory marker E-selectin. The latter was induced by treating cells with IL-1b or TNFa. After showing high affinity and specificity to activated human endothelium in vitro (14), we used in vivo model that was developed by implanting human umbilical vein endothelial cells (HUVEC) dispersed in Matrigel matrix. After injecting animals with E-selectin targeted iron oxide nanoparticles, we observed a specific change of MRI signal associated with human endothelial cells.
We report here an attempt to detect constitutive, rather than inducible expression of human endothelial differentiation marker by using monoclonal anti-human CD31. The choice of CD31 molecule as a target for imaging was based on the following assumptions: (1) CD31 is a marker of endothelial differentiation; (2) the antibody does not crossreact with mouse cells; (3) similar to the previously used H18/ 7 anti-E-selectin antibody, anti-CD31 antibody has high affinity to the target protein; (4) CD31 is constitutively expressed on the surface of the endothelium; and (5) internalization of this antibody proceeds at a lower rate than that of anti-E-selectin-specific antibodies. We describe here the experiments that supported some of these predictions using a whole body fluorescence imaging approach for detecting human endothelial cell-lined blood vessels in live animals.
EXPERIMENTAL METHODS
Modification of Proteins with Fluorescent Dyes. Thirty-35 nmol of U. europaeus or L. esculentum lectins (Vector Labs) or anti-human CD31 monoclonal antibody (Centocor Inc., Malvern PA, provided by Dr. Marian Nakada (15) , were diluted in 0.2 ml of 0.1 M sodium bicarbonate pH 8.7 and 6 ml Cy5.5-NHS (GE-Healthcare, Piscataway, NJ) at 50 mg/ml DMSO (10:1 molar ratio) were added and incubated for 30 min (Fig. 1) . Mouse monoclonal anti-human E-selectin H18/7 F(ab_) 2 fragments (a generous gift of Dr. Michael Gimbrone, Vascular Research Division, Brigham and Womens_ Hospital), rat anti-mouse CD31 (BD Pharmingen) or anti-human CD31 monoclonal antibodies were modified with Alexa Fluor 488-NHS ester (Molecular Probes-Invitrogen) at the same ratio as described above. Labeled proteins were purified by using spin-chromatography on Bio-Spin P30 minicolumns (Bio-Rad, Hercules CA).
Cell Culture. and maintained in EGM-2MV medium (Cambrex). Cells were plated in the glass-coverslip chambers (Lab-Tek II, Electron Microscopy Sciences, Hatfield PA). Cells were stained with Cy5.5-labeled lectins (5 mg/ml) and then by Alexa Fluor 488-labeled CD31 monoclonal antibodies (10 mg/ ml) diluted in 2% serum in Hanks_ solution, washed and postfixed in 2% formaldehyde in PBS. Fluorescence images were acquired using Nikon TE2000-U inverted microscope equipped with a 100 W Dia-illuminator and Nikon blue and red excitation fluorescence filter cubes. Images were acquired using CoolSnapHQ-M CCD (Photometrics, Tucson AZ) and processed using IP Lab Spectrum software (BD Biosciences Bioimaging, Rockville MD).
For confocal microscopy experiments the cells were plated as above, incubated at room temperature with Cy5.5-anti-human CD31 monoclonal antibody and anti-human Eselectin (H18/7) F(ab_) 2 antibody fragments labeled with Alexa Fluor 488 (10 mg/ml), followed by washing with Hanks_ balanced salts saline. Near-infrared fluorescence was excited using HeNe laser (at 633 nm), Alexa Fluor fluorescence was excited using titanium:sapphire laser (at 820 nm) in twophoton excitation mode (12, 16) .
Matrigel Implantations in Mice. All animal experiments below were approved by UMASS Institutional Animal Care and Use Committee. Injections of HUVEC suspensions in growth-factor-supplemented Matrigel matrix (BD Sciences, Bedford, MA) was performed as described in (1) . Briefly, female nu/nu mice (Charles River, Stone Ridge NY), 20Y25 g, were anesthetized by intraperitoneal injection of a mixture of Ketamine (80 mg/kg) and Xylazine (12 mg/kg) and flank subcutaneous injections were performed by using tuberculin syringe with a hypodermic needle (27 G), Matrigel mixed with HUVECs or Matrigel alone (0.6Y0.8 ml) was injected into the right and left posterior flanks of mice, respectively.
Optical Imaging. Mice (n = 3, chosen from a group of eight with minimal Matrigel volume decrease, 30 d after the implantation) bearing HUVEC-containing and contralateral control Matrigel implants were anesthetized as described above and injected I.V. with 50 mg of anti-human CD31 monoclonal antibody (approx. 0.7 nmol of conjugated Cy5.5). The animals were imaged immediately and 3 h post implantation using Xenogen IVIS100 (XFO-12 fluorescence imaging option, Xenogen, Hopkinton MA). Exposure times were 1Y5 s using Cy5.5 background-corrected excitation filter. Fluorescence was quantitated by using ROI method applied to Live Image (Xenogen) software-generated radiance maps (17) .
RESULTS

Testing of Fluorescent-labeled Lectins as Endothelial
Markers. The comparative testing of lectins that have Nacetylglucosamine and alpha-L-fucose specificities (from tomato and Ulex europaeus, respectively) was performed in cultures of HUVEC and mouse vascular endothelial cells (MVEC). Double staining with Cy5.5-labeled lectins and specific monoclonal anti-CD31 antibodies showed that nearinfrared dye conjugated lectins were efficiently binding to the surface of endothelial cells (Fig. 2, red) . As expected, Ulex lectin showed bright staining of human endothelial cells, whereas tomato lectin resulted in prominent fluorescence in MVEC cultures. However, in both HUVEC and MVEC cultures the specificity of these lectins was insufficient since cross-reactivity of both lectins was present, i.e., human cells showed binding of tomato lectin and mouse cells were positively stained with Ulex lectin. In both cases, speciesspecific anti-CD31 antibodies showed homogenous staining (Fig. 2, green) suggesting that the cultures of primary endothelial cells were pure and did not contain contaminating cells that could potentially result in a biased lectin binding. Antibody Binding and Internalization. In Vitro Two Photon, Confocal Imaging of HUVECs. Double staining of live HUVEC cells with Cy5.5-conjugated anti-human CD31 and Alexa Fluor 488 conjugated anti E-selectin (CD62E) antibody revealed high levels of near-infrared signal (anti-CD31 antibody) associated with intracellular junctions and apical plasma membrane surface but little binding of the labeled anti-E-selectin antibody. After treating cells with IL1b we observed binding and partial internalization of CD31 (Fig. 3 , staining of cell surface and partial staining of intracellular vesicles, color coded in red). Anti-E-selectin antibody fragments were efficiently internalized resulting in staining of intracellular vesicles (shown green-color coded) while no plasma membrane fluorescence was detectable. Internalization was completely blocked by N-ethylmaleimide (50 mM) and by incubating cells at 4-C (not shown). In the latter case, fluorescence-labeled anti-E-selectin antibody was rapidly internalized after transferring cultures to room temperature.
Imaging of HUVEC in Matrigel Implants In Vivo. Mice with HUVEC seeded in Matrigel and implanted via a subcutaneous injection were kept for 3Y4 weeks before imaging to establish human cell-lined blood vessels. At this time point the volume of injected Matrigel Bimplantsd ecreased approximately 50% as a result of partial degradation. HUVEC-seeded Matrigel implants usually showed slower degradation/absorption than the control implants. Intravenous injection of 50 mg Cy5.5-labeled anti-human CD31 antibody resulted in a progressive increase of the average mouse body fluorescence signal over the first 5 min after the injection, which was followed by a gradual removal of the imaging probe from the circulation. Approximately 2.5 h after the injection the normalized signal/noise ratios were in the range of 1.6Y2. These ratios were measured assuming a diffuse fluorescence source within the mouse and by using average radiances, i.e., the normalized directional photon fluxes from the measured ROI areas. The difference in observed radiances resulted in HUVEC-implant/background tissue ratios that provided sufficient implant/tissue contrast in lateral images (right lateral, Fig. 4a, arrow) . Conversely, control implants were indistinguishable from the background tissue (left lateral, Fig. 4b, arrow) . However, the uptake of a fraction of the labeled Cy5.5-antibody in the spleen showed a signal in the midline of the body in left lateral projection image (Fig. 4b) . The spleen was visible due to the close proximity of the spleen to the surface of the mouse body and potential elevated uptake of antibody aggregates. The comparative measurements (expressed as average radiance) performed using region-of-interest selected over the HUVEC/Matrigel implants and control Matrigel implants showed an average 1.6Y1.8Vtimes increase of radiance that was easily discernible on the near-infrared images (Fig. 4c) .
Immunofluorescent Histology of Matrigel Implants. We analyzed Matrigel frozen sections obtained from mice that were preinjected with Cy5.5-labeled anti-human CD31 antibody. Using near-infrared emission filter we observed structures that traced the shape of endothelium-lined vessels (Fig. 5a ). These elongated positively stained structures were absent in HUVEC-free control Matrigel implants. The staining of sections harvested from mice that were not injected with fluorescent antibody was used to visualize cell nuclei (DAPI, blue, Fig. 5a and b) and CD31 endotheliumspecific marker (mouse or human). Using triple staining with Cy5.5-anti-human CD31 antibody (Fig 5b, red) , Alexa Fluor 488-labeled anti-mouse CD31 antibody (green) and DAPI staining, we observed a branched vascular network that was almost entirely positive for human marker and negative for mouse marker (Fig. 5b) . Some areas on stained sections showed mouse blood vessels that usually contained none or very few human CD31-positive cells (Fig. 5c , human cells shown with arrows). Human-positive blood vessels existed mainly as independent networks with a very few Bmosaicê ngrafted mouse-CD31 positive cells. Some human vessels appeared to have junctional connectivity with mouse vessels, which manifested in 1Y2 discernible BgreenYred^transitions per section (Fig. 5c, asterisk) .
DISCUSSION
Engineering of Bhumanized^blood vessels using pure isolates of human endothelial cells is a potential alternative to grafting of human skin for propagating human blood vessels in immunocompromised rodents (13,18Y20). The need of in vivo model systems that utilize functional human bloodperfused vessels is dictated by the needs of anti-angiogenic therapies development as well as the needs of tissue engineering in regenerative medicine. Vascular non-invasive imaging could serve as an important adjunct to monitoring of the fate of cell adoption and eventual acceptance in vivo. Imaging offers a strategy for testing and selecting potential imaging agents directed at the human-specific endothelial target molecules. In particular, imaging of fluorescence in the near-infrared range is especially useful for detecting receptorYligand or enzymeYsubstrate interactions in subcutaneous implants due to the fact that near-infrared light has lower scattering and is less absorbed by tissues and blood in vivo (21, 22) . Moreover, recent progress in development of quantitative methods in optical imaging, resulted in feasibility of fluorescence tomography in vivo, which enables threedimensional reconstruction of fluorescence sources and allows measurements of fluorochrome concentrations (23, 24) .
We (1) and others (19) previously reported the formation of blood vessels in VEGF and FGF-2 supplemented Matrigel extracellular matrix mixed with human endothelial cells. Matrigel has an important advantage of a natural cell adhesion matrix (collagen I and laminin-based extracellular matrix) in that it exists in a fluid state at lower temperatures and rapidly solidifies at mouse body temperatures in vivo. It has been previously reported that Matrigel supports sprouting and stabilization of microvessels (25, 26) . Human endothelial vessels generated in mice using collagen implants were found to be immature, transient and having a tendency to regress (13) . However, 4Y6 week survival time span of HUVEC-lined vessels was sufficient for our experiments, limited only by continuing degradation and absorption of Matrigel matrix.
We initially tested lectins with well-established endothelial specificity to determine whether they could assist in differentiating between human and mouse endothelial cells. For example, the ability of N-acetylglucosamine-specific tomato lectin to bind to the apical surface of mouse endothelial cells is well known; and the injection of mice with relatively low amounts of this protein (20Y50 mg/animal) enables visualization of tumor blood vessels (27, 28) . We compared tomato lectin with lectin from U. europaeus which has specificity for fucosylated molecules on human endothelium (29) . Both lectins showed high sensitivity to endothelial cell surface glycoproteins. However, binding experiments in endothelial cell culture demonstrated that both tomato and Ulex lectins did not exhibit sufficiently high specificity and showed cross-reactivity with human and mouse endothelial cells, respectively. Therefore, we chose to investigate whether human endothelial cells in vivo could be imaged by using mouse monoclonal antibodies generated against human CD31 chimeric protein (15) . These antibodies demonstrated high levels of binding to constitutively expressed CD31 and resulted in specific association with human endothelial cells (Fig. 2, green fluorescence) . Unlike human-E-selectin, which is rapidly internalized and degraded (30, 31) , CD31 adhesion molecule surface expression is not triggered by proinflammatory stimuli and is less extensively internalized by endothelial cells after specific antibody binding (Fig. 3) . This suggests human CD31 as an attractive target for in vivo imaging. We tested this by using in vivo imaging (Fig. 4) and ex vivo histology (Fig. 5) . The presence of high imaging signal in HUVEC-seeded Matrigel implants and bright staining of vessel-lining cells suggested the presence of intact and viable human endothelial cells in animals at 30 days after the implantation. The observed high target/background imaging signal contrast suggested that the anti-human CD31 antibodies showed no cross-reactivity with mouse endothelial lining cells and suggested no leakage from mouse neovessels formed in Matrigel in vivo. The observed uptake of antibodies in the spleen of mice was supposedly a result of labeled antibody aggregation with potential opsonization in plasma, and could be viewed as a limitation of the method. However, the use of antibody fragments instead of the whole antibody and the removal of aggregates using sedimentation of size-exclusion methods are expected to decrease the nonspecific uptake in non-target organs. Histology suggested that mouse and human vascular networks co-exist predominantly as parallel structures. However, several points of human blood vessel branching off mouse vessels were present and visible by using labeling histology sections with anti-human and anti-mouse CD31 antibodies (Fig. 5b, c) .
It is remarkable that human CD31-positive cells (Fig. 5b ) appear to be surrounded by many mouse cells (CD31 negative, DAPI stain positive). We are currently investigating whether this is a result of the recruitment of mouse supporting (mural) cells in response to FGF-2. This could explain an unusual longevity of the human blood vessels in mice that survive for 6 weeks without any additional exogenous supporting cell implantation.
In conclusion, we determined that near-infrared fluorescent anti-human CD31 antibodies show promise in vivo as a potential imaging agent that could be applied for imaging of adoptive transfer of human endothelial cells in mice. The use of these antibodies could assist in determining the fate of human cells for bioengineering purposes and in drug development.
